Introduction
The lack of a successful vaccine, coupled with the emergence of multidrug-resistant and extensively drug-resistant strains of Mycobacterium tuberculosis underscores the need for new and potent strategies to counter the loss of millions of human lives. Cathelicidins are evolutionarily conserved antimicrobial peptides that are present in all mammals, and human cationic antimicrobial protein 18 (LL-37, hCAP18) is the only known member of the human cathelicidin family of antimicrobial peptides. Murine cathelicidin-related antimicrobial peptide is the murine orthologue of the only structurally related human cathelicidin, LL-37/hCAP18 [1] . Although cathelicidin was originally recognized as a neutrophil-specific peptide, it is now known that it is expressed by many cell types, such as macrophages, circulating monocytes, natural killer cells, T cells, and B cells, and by squamous epithelium [2] .
Antimicrobial peptides such as cathelicidin (LL-37) are important innate immune effectors for protection against M. tuberculosis infection. It has been shown that vitamin D-mediated antimicrobial activity against M. tuberculosis in humans is dependent on the induction of antimicrobial peptides, including cathelicidin [3] [4] [5] . Cathelicidin has also been demonstrated to possess dose-dependent antimicrobial activity against M. tuberculosis [6, 7] . As cathelicidin-deficient mice are more susceptible to a range of infections, we hypothesized that the cathelicidin-related antimicrobial peptide gene (Cramp) is required for regulation of protective immunity to M. tuberculosis in the mouse. Earlier observations have shown that cAMP plays a major role in butyrate-mediated cathelicidin LL-37 induction in human epithelial cells [8] . However, transcriptional cAMP regulates cathelicidin during tuberculosis 53 repression of cathelicidin has been found through the activation of cellular signal transduction pathways, including cAMP accumulation caused by cholera toxin [9] . In this study, we found that cathelicidin limits pro-inflammatory responses to M. tuberculosis by decreasing the levels of key cytokines and important second messengers in infected macrophages. When we compared survival in infected wild-type and Cramp -/-mice, we found that wild-type mice survived for longer than Cramp -/-mice. Finally, we determined that transcriptional regulation of cathelicidin in macrophages may be attributable to differential cAMP accumulation in the host cell.
Materials and methods

Animals
Female Balb/c mice aged approximately 4-6 weeks were purchased from The Charles River Laboratory (Wilmington, MA, USA). Cramp -/-(Cnlp -/-) mice were bred from Cramp -/-knockout Balb/c breeding pairs at the Johns Hopkins animal facility [10, 11] . Mice were backcrossed at least 70 times. Infected mice were maintained in an animal biosafety level 3 laboratory at all times. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal protocol was approved by the Institutional Animal Care and Use Committee of the Johns Hopkins University, and covers all animal procedures.
Bacterial and cell culture stocks
M. tuberculosis CDC1551 passaged in mice was obtained from the stocks of the Johns Hopkins Center for Tuberculosis Research (Baltimore, MD, USA). A mutant lacking the adenylate cyclase gene Rv0386 (M. tuberculosis strain JHU-0386) and the complemented strain (JHU-0386-Comp) were also obtained from laboratory stocks [12] . For preparation for infections, mycobacteria were grown to an optical density at 600 nm of ∼ 1.0 in 7H9 Middlebrook liquid medium supplemented with oleic acid-albumin-dextrose-catalase (Becton Dickinson, Sparks, MD, USA), 0.5% glycerol, and 0.05% Tween-80 (Sigma, St Louis, MO, USA).
Aerosol infection procedure
Aerosol infections were performed with M. tuberculosis CDC1551 diluted appropriately to achieve the desired inoculum by use of the Glas-col Inhalation Exposure System in three consecutive runs, as previously described [13] . All animal procedures were approved by the Johns Hopkins University Animal Care and Use Committee. At least three mice from each infection cycle were killed on the following day to determine the day 1 lung implantation. To determine bacterial burden, lung and spleens were dissected and homogenized at specific time points, serially diluted in phosphate-buffered saline (PBS), and plated on selective 7H11 agar plates (Becton Dickinson). Colony-forming units (CFUs) were counted after 3 weeks of incubation at 37 ∘ C.
Generation of macrophages and dendritic cells (DCs)
Macrophages and DCs were differentiated with macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF), respectively, as described previously [14] . Briefly, bone marrow from the tibias and femurs of BALB/c mice was flushed out, and cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS), 0.05 M 2-mercaptoethanol, and 1 mM sodium pyruvate, plus either 15 ng/ml M-CSF or GM-CSF, for 3 days. This method gives a homogeneous population that consists of 99% macrophages or DCs, with a negligible number of contaminating monocytes.
Intracellular macrophage growth assay
Bone marrow-derived macrophages (BMDMs) were plated at a density of 5 × 10 5 cells per well. Bacterial cultures were sedimented, washed with PBS, and resuspended in RPMI medium, and were used to infect at a multiplicity of infection (MOI) of 2. At 4 h post-infection, monolayers were washed with PBS and placed in fresh RPMI medium. At the indicated times, monolayers were lysed in 1 ml of PBS with 0.5% Triton X-100, and bacterial counts were performed.
Estimation of intracellular calcium levels
Intracellular calcium levels were monitored essentially as previously described [14] . Briefly, 2 × 10 7 DCs were loaded with 1 μM fluo-3-AM for 45 min at 37 ∘ C in culture medium. The cells were thoroughly washed with RPMI medium, and suspended in fresh culture medium. An aliquot of cells was diluted in culture medium, and, when required, stimulated with M. tuberculosis CDC1551 cell extract [obtained from BEI Resources, National Institute of Allergy and Infectious Diseases (NIAID)] at 100 s. The real-time increase in the intracellular calcium level was monitored immediately over a total period of 600 s by fluorescence-activated cell sorting (FACS) with a FACSCalibur (BD Biosciences), and the data were analysed with CellQuest software.
T-cell enrichment for T-cell responses
Mice were immunized with M. tuberculosis CDC1551 cell extract (obtained from BEI Resources) subcutaneously at the base of the tail. Seven days later, inguinal lymph nodes were extracted, and B cells, macrophages and DCs were removed following magnetic-activated cell sorting with anti-B220 + , anti-CD11c 
Apoptosis assay
CD4
+ and CD4 + T cells were purified with the CD4 + and CD4 + T-cell isolation kit (Miltenyi Biotec, Auburn, CA, USA) as described by the manufacturer. The extent of apoptosis was assessed by measuring caspase-3 activity with the Caspase-3 Colorimetric Assay kit (BF3100; R&D Systems), according to the manufacturer's instructions. Briefly, cells were lysed and supernatants were incubated with reaction buffer containing dithiothreitol and substrates at 37 ∘ C. The reaction was measured by determining the change in absorbance at 405 nm with a microplate reader.
Quantitative polymerase chain reaction (PCR)
Total RNA was isolated with the RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. RNA was employed for real-time quantitative reverse transcription PCR (RT-PCR) with SYBRgreen on a Bio-Rad iCycler. The mRNA level was calculated with the 2 -ΔCt (ΔΔCt) method, with the glyceraldehyde-3-phosphate dehydrogenase gene as the housekeeping gene. The primer sets used for quantification of relative cathelicidin expression were
Statistical analysis
Lung CFU counts were log 10 -transformed before analysis. Mean CFU counts were compared by the use of Student's t-test. 
Results
Higher bacterial burden in Cramp -/-mice during pulmonary tuberculosis
We hypothesized that cathelicidin expression regulates bacterial burden during M. tuberculosis infection. To test this, we infected Cramp -/-mice on a Balb/c background and wild-type Balb/c control mice with M. tuberculosis by the aerosol route, and monitored organ bacterial burdens over time. Gross pathology revealed that wild-type mouse lungs had fewer visible lesions than Cramp -/-mouse lungs 8 weeks after infection ( Figure 1A) . Similarly, Cramp -/-mice had visibly enlarged spleens as compared with wild-type mice ( Figure 1B) . Cramp -/-mice were not capable of controlling bacterial growth as efficiently as wild-type mice. Indeed, the bacterial CFU counts in lungs of M. tuberculosis-infected Cramp -/-mice were 10-fold higher than those in wild-type mice 56 days after infection ( Figure 1C ). Both genotypes showed bacterial dissemination to, and growth within, the spleen. The pattern of bacterial growth in the spleen was similar to that in the lungs, with control spleens showing approximately 10-fold lower bacterial counts than Cramp -/-spleens 56 days after infection ( Figure 1D ). The mice formed well-developed characteristic granulomatous lesions in the lungs, with more acid-fast bacilli in the peripheral rims of giant cells from Cramp -/-mice than in those from wild-type mice (supplementary material, Figure S1 ).
Impaired mycobacterial growth inhibition in Cramp
-/-BMDMs
Murine BMDMs are able to contain the growth of M. tuberculosis after infection. We evaluated the ability of BMDMs from wild-type and Cramp -/-mice to restrict the growth of M. tuberculosis. BMDMs were exposed to M. tuberculosis at an MOI of 2 for 4 h. After extensive washing, the cultures were monitored daily for CFUs, and this revealed higher M. tuberculosis intracellular growth in the infected BMDMs of Cramp -/-mice than in those of wild-type mice at 24, 48 and 72 h after bacterial infection (Figure 2A ).
Cramp
-/-infected macrophages secrete lower levels of the pro-inflammatory cytokine IL-12p40 IL-12p40 is known to play a dominant role in regulating pro-inflammatory responses of antigen-presenting cells such as macrophages and DCs that are crucial for mediating protection against M. tuberculosis infection. To evaluate whether the reduced ability of Cramp -/-mice to control tuberculosis infection is due to an attenuated Th1 cell-mediated immune response, we measured the levels of IL-12p40 in M. tuberculosis-infected BMDMs. IL-12p40 levels increased significantly in wild-type BMDMs upon infection with M. tuberculosis. In contrast, Cramp -/-macrophages had decreased IL-12p40 levels 24 h after infection (140.72 ± 3.33 pg/ml versus 58.19 ± 7.74 pg/ml; p = 0.005; Figure 2B ).
Cramp -/-mice are more susceptible to an aerosol M. tuberculosis challenge Both wild-type and Cramp -/-mice were challenged with M. tuberculosis through an aerosol route, and analysed for time to death. The median time to death of infected Cramp -/-mice was 53 days, whereas that of infected wild-type mice was 101 days. All infected Cramp -/-mice had died at 69 days post-infection, whereas the first wild-type infected mouse died at 89 days post-infection ( Figure 2C) Figure 3 , when T cells from the wild-type mice were co-cultured with infected BMDCs, either from wild-type or from knockout mice, the levels of IFN-γ decreased by ∼50% in the group co-cultured with Cramp -/-BMDCs as compared with the group co-cultured with wild-type BMDCs. BMDCs from Cramp -/-and wild-type controls did not secrete IFN-γ, whereas Cramp -/-BMDCs had decreased IL-12p40 and TNF-α levels as compared with wild-type BMDCs (IL-12p40 levels of 49.7 ± 0.55 pg/ml versus 26.9 ± 2.0 pg/ml). Wild-type murine BMDCs co-cultured with T cells from wild-type mice produced higher levels of IFN-γ, IL-12p40 and TNF-α than those co-cultured with T cells from Cramp -/-mice ( Figure 3) . Similarly, Cramp -/-BMDCs co-cultured with wild-type T cells produced higher levels of IFN-γ, IL-12p40 and TNF-α than those co-cultured with T cells from Cramp -/-mice. Together, these observations demonstrate reduced secretion of IFN-γ, IL-12p40 and TNF-α from Cramp -/-T cells.
Stimulated Cramp -/-splenocytes are defective in type I IFN secretion Type I IFNs are important for protection against many viral infections and defence against bacterial pathogens, and are believed to play a critical role in disease pathology and progression during tuberculosis. To evaluate whether Cramp -/-mice are able to mount an effective type 1 IFN response upon exposure to M. tuberculosis, we harvested spleens on day 14 post-infection and used them to derive both splenocytes and CD4 + and CD8 + splenic T cells. The levels of IFN-β secreted by the splenocytes and by the CD4 and CD8 T cells that were co-stimulated with bound CD3 and CD28 antibodies were then determined. Stimulated splenocytes from infected Cramp -/-mice generated negligible amounts of IFN-β (16 ± 1.05 pg/ml) as compared with splenocytes from wild-type mice (95.35 ± 3.55 pg/ml; p = 0.002). Similarly, the levels of IFN-β secreted by both the CD4 and CD8 T-cell compartments were higher in wild-type mice than in Cramp -/-mice. Splenocytes from Cramp -/-mice secreted lower amounts of IFN-β (16.4 ± 1.5 pg/ml) than those from wild-type mice (35.2 ± 3.4 pg/ml; p = 0.006) upon M. tuberculosis stimulation ( Figure 4A, B) . These studies revealed that Cramp -/-T cells have a diminished capacity to mount a type 1 IFN response following M. tuberculosis infection.
Decreased calcium levels in Cramp -/-BMDCs upon M. tuberculosis infection
Calcium levels modulate the generation of pro-inflammatory responses and consequently regulate the survival of M. tuberculosis in macrophages. We 
Decreased apoptosis in the CD4
+ and CD8 + T-cell compartments of Cramp -/-mice It is known that M. tuberculosis infection inhibits apoptosis of infected phagocytic cells, thereby facilitating intracellular survival of the bacillus and blocking antigen presentation [15] . To determine the effect of cathelicidin expression on apoptosis of T cells, CD4 + and CD8
+ T cells were isolated from uninfected and M. tuberculosis-infected mice, and the activity of the caspase-3 class of proteases was monitored by colorimetric detection. Caspase-3 activity was similar in CD4 + cells (supplementary material, Figure S2 ), whereas we observed two-fold higher activity in the cytotoxic CD8
+ T-cell compartments from infected wild-type mice than in those from Cramp -/-mice ( Figure 4E ).
Cathelicidin levels are regulated by cAMP accumulation
It is known that cAMP accumulation can lead to transcriptional repression of cathelicidin in epithelial cells [9] . To analyse whether cAMP can decrease the expression of cathelicidin, we used a cell-permeable analogue of cAMP that activates cAMP-dependent protein kinases. Treatment of macrophage cells with dibutyryl-cAMP reduced the expression of cathelicidin mRNA to 50% as early as 6 h post-exposure, and levels remained unchanged at 24 h ( Figure 5A) . We also employed different recombinant strains of M. tuberculosis with altered ability to deliver cAMP to infected macrophage cytoplasm. Macrophages infected with M. tuberculosis strain JHU-0386 (mutant lacking the adenylate cyclase gene Rv0386 [12] ), which produces a 58 S Gupta et al Figure 5B ). We also used western blotting to determine the relative CRAMP protein levels in cells infected with the different bacterial strains (supplementary material, Figure S4) . Similarly to what was found for mRNA, macrophages infected with M. tuberculosis strain JHU-0386 had higher cathelicidin protein levels. Collectively, our data indicate that cAMP signalling regulates the levels of cathelicidin in response to mycobacterial infection in macrophages, and that M. tuberculosis-derived cAMP acts to inhibit LL-37 transcription. These results indicate that M. tuberculosis-mediated cAMP secretion is a microbial subversion mechanism that serves to inhibit the antibacterial host defence system mediated by cathelicidin ( Figure 5C ).
Discussion
This study has two major findings. First, we demonstrate that the mouse Cramp gene is required for control of tuberculosis, and that this control is probably mediated by CRAMP-dependent apoptosis and CRAMP-dependent cytokine responses known to be essential for containment of tuberculosis (IL-12, IFN-γ, and TNF-α). Second, we observed that the cAMP burst mediated by M. tuberculosis has an inhibitory effect on Cramp transcription. Thus, in addition to alterations in TNF-α secretion caused by bacterial-derived cAMP as previously described [12] , M. tuberculosis subversion of host cAMP signalling also reduces Cramp transcription and may hence lead to reduced calcium responsiveness, decreased apoptosis, and lower expression of IL-12, IFN-γ and other cytokines.
The cathelicidin family is one of the major classes of mammalian antimicrobial peptides, which are known to be important components of the innate immune system providing a non-specific, rapid response to foreign pathogens. Although it has been demonstrated that cathelicidins have direct antimicrobial effects against mycobacteria in vitro [16] , little is known about cathelicidin-dependent immunoregulation of other immune responses within the innate and adaptive arms beyond the demonstration that they serve as chemotactic factors for CD4 + T cells, neutrophils, and monocytes [17, 18] . In this study, we evaluated the ability of cathelicidin-deficient macrophages and T cells to express known immune mechanisms, apart from direct killing of bacilli. Using cell-based assays, we observed defects in calcium responsiveness, apoptosis, and cytokine expression. There was a significant increase in nitric oxide production after infection in macrophages, cAMP regulates cathelicidin during tuberculosis 59 but this increase was similar in both Cramp -/-and wild-type macrophages (supplementary material, Figure S3 ). As these reduced responses in Cramp -/-immune cells were observed ex vivo, our results suggest that the phenotypes are not attributable to reduced direct killing of M. tuberculosis by cathelicidin, but rather to defective immune signalling in the absence of Cramp expression. Thus, the Cramp gene appears to play an immunoregulatory role in the triggering of both innate and adaptive immune responses, independently of the antibacterial effects of the cathelicidin peptide itself.
cAMP is an important second messenger in mammalian cells that initiates an intracellular cascade of cAMP-dependent cell signalling, which involves activation of protein kinase A and the cAMP receptor-binding protein CREB, which results in elevated cAMP being transported to the nucleus, leading to elevated transcription of key genes in a cell type-dependent manner. We demonstrate that both a cAMP-independent calcium signalling pathway and a cAMP-dependent pathway are responsible for CRAMP-dependent immunomodulation. Cathelicidin downregulation in our studies was probably attributable to accumulation of cAMP in the host cell, owing to the cAMP burst associated with M. tuberculosis entry into macrophages. We demonstrated alterations in Cramp transcription in a cAMP-dependent manner both by exogenous addition of the cell-permeable cAMP mimetic dibutyryl-cAMP, and by using recombinant M. tuberculosis strains that produce a reduced cAMP burst owing to loss of the Rv0386 adenylate cyclase. Higher cathelicidin expression in macrophages infected with recombinant strains of M. tuberculosis that produce a reduced intramacrophage burst of cAMP indicates the critical role played by cAMP in antimicrobial peptide regulation. Loss of Rv0386 has been linked to reduced intramacrophage cAMP levels, resulting in a reduction in TNF-α production via the protein kinase A and CREB pathway, decreased immunopathology in animal tissues, and diminished bacterial survival [12] .
Calcium plays a determinative role in the generation of pro-inflammatory responses [19] , and is also required for host containment of mycobacteria in macrophages [20] . Calcium-dependent phagosome maturation is inhibited during M. tuberculosis infection by a mechanism that involves mycobacterial inhibition of sphingosine kinase [20] . Reduced phagosome maturation and the concomitant failure to mount lysosomal killing directly contributes to the survival of M. tuberculosis within human macrophages. We found that there is decreased calcium mobilization in Cramp -/-BMDCs upon M. tuberculosis infection as compared with that in wild-type cells. It has been reported that human cathelicidin, LL-37, induces calcium mobilization in human monocytes [18] and neutrophils [21] . In addition to its microbicidal activity, LL-37 may contribute to innate and adaptive immunity by recruiting neutrophils, monocytes and T cells to sites of microbial invasion by interacting with FPRL1 [22] . Another antimicrobial peptide, gomensin, also increased intracellular calcium mobilization, and this increase was inhibited by calcium channel blockers [23] . Our observation that M. tuberculosis infection reduces Cramp transcription and that Cramp is required for normal calcium mobilization in BMDCs is consistent with a mechanism of pathogen-mediated subversion of the cellular calcium signal transduction system to influence immune cell function.
Pro-inflammatory cytokines such as IL-12 and TNF-α are critical for defence against mycobacterial infection. IL-12 plays a crucial role in activating the protective Th1 immune response against mycobacteria [24] . We found that IL-12p40 levels were significantly reduced in Cramp -/-macrophages. It was previously reported that exposure of macrophages to LL-37 resulted in increased IL-12p40 levels and reduced IL-10 expression on lipopolysaccharide stimulation [25] . These LL-37 effects on macrophage function required internalization of the peptide. In mice, control of M. tuberculosis infection is dependent on a Th1 response and the production of INF-γ, a type II IFN. Owing to their unique ability to prime naive and memory T cells, DCs play an important role in the initiation and maintenance of protective immune responses following infection [26] . In our BMDC and T-cell co-culture experiments, Cramp -/-mice were defective in producing IFN-γ, IL-12p40 and other cytokines as compared with wild-type BMDCs co-cultured with T cells. These observations support a role for CRAMP in the immunoregulation of Th1 cytokine production.
Type I IFNs are critical for resistance to viruses, but there are conflicting reports regarding their role during tuberculosis [27, 28] . Type I IFN responses have been shown to enhance activation of cytolytic CD8 + T cells, which are crucial during M. tuberculosis infection [29] . A type I IFN response has also been shown to limit lung infectivity of target cells by M. tuberculosis in animals devoid of type II IFN [30] , while loss of the IFNAR1 receptor confers resistance to tuberculosis, suggesting that type I IFN responses are detrimental in tuberculosis [31] . Transcriptome analysis of peripheral blood from tuberculosis patients revealed that genes associated with both the type I and type II IFN responses are upregulated during infection, suggesting common and dynamic roles of both types of IFN in tuberculosis pathogenesis [32] . DCs sense viral and microbial DNA through endosomal Toll-like receptors (TLRs) to produce type I IFNs. In a recent study, DNA-LL37 complexes stimulated type I IFN production, and were delivered to and retained within early endocytic compartments in DCs to trigger TLR9 expression [33] . Furthermore, keratinocytes exposed to LL-37 and treated with TLR9 ligands increased their production of type I IFNs [34] . Our observation of reduced type I IFN secretion by Cramp -/-cells infected with M. tuberculosis is compatible with these reports, and further implicates cathelicidin as a mediator of type I IFN responses. It was also found that cathelicidin expression was induced in Mycobacterium avium-infected BMDMs in a TLR2-dependent and TNF-dependent manner [35] . However, that study, 60 S Gupta et al which used intravenous M. avium infection in mice, showed that cathelicidin was not required for the bacteriostasis of bacteria in vivo.
Apoptosis of CD4 + and CD8 + T cells has been suggested to lead to declines in effective immune responses during tuberculosis [36] and other bacterial infections [37] . Apoptosis of both CD4
+ and CD8 + T cells, but not of other splenic cells, increased proportionally with the progression of mycobacterial infection [38] . Moreover, M. tuberculosis-infected peripheral blood mononuclear cells from tuberculosis patients showed significantly higher levels of apoptosis of CD4 + T cells [39] . It has been suggested that LL-37-induced apoptosis of CD8 + T cells is mediated via multiple different mechanisms in a caspase-dependent and granzyme-dependent manner [40] . Our findings of decreased apoptosis in CD8 +
T cells from M. tuberculosis-infected Cramp
-/-mice are in agreement with these observations, indicating that cathelicidin is required for normal apoptotic signalling in cytotoxic T lymphocytes. Thus, in addition to the direct antimicrobial activity of cathelicidins as previously described [16] , altered apoptotic signalling may lead to immune modulation in Cramp -/-mice. Our study strongly suggests that cathelicidins are important multifunctional host immune regulators, with not only direct antimycobacterial activity, as previously documented, but also direct immunoregulatory influences on adaptive immune responses against M. tuberculosis via modulation of pro-inflammatory cytokine responses, apoptosis, and calcium influx. This pivotal role for cathelicidin in governing protective responses during M. tuberculosis infection, which depends on the M. tuberculosis-mediated cAMP burst in macrophages, offers insights into tuberculosis pathogenesis, and suggests that further studies on cathelicidin-mediated immune regulation are warranted.
